This study investigated the chemical composition, in-vitro cytotoxicity, and anti-mildew fungal activities of the essential oil isolated from the leaf of Machilus thunbergii from Taiwan. The essential oil was isolated using hydrodistillation in a Clevenger-type apparatus, and characterized by GC-FID and GC-MS. Eighty-three compounds were identified, representing 99.8% of the oil. The main components identified were n-decanal (26.6%), β-caryophyllene (15.8%), α-humulene (10.8%), and β-eudesmol (10.5%). The oil exhibited cytotoxic activity against human oral, liver, lung, colon, melanoma, and leukemic cancer cells. The active source compounds were β-caryophyllene, α-humulene, and β-eudesmol. The anti-mildew activity of the leaf oil was also evaluated. Results showed that the leaf oil had excellent anti-mildew activity. For the anti-mildew activity of the leaf oil, the active source compound was determined to be βeudesmol.
Machilus thunbergii Sieb. & Zucc. (Lauraceae) is an evergreen tree widely distributed in the broadleaf forests from the lowlands to an altitude of 2300 m throughout southern China, Japan, Korea and Taiwan [1] . M. thunbergii is a traditional herbal medicine; its bark is reputed to cure stomach ache, stomach swelling and edema of legs [2] . Lignans, alkaloids, flavonoids and butanolides have been isolated from the species, which has been proven to have antioxidant, antibacterial, anti-inflammatory, neutroprotective activity against glutamate-induced neurotoxicity, and antioncogenic bioactivities [2] [3] [4] [5] [6] [7] [8] . However, there is a relative dearth of studies on the essential oils of the tree; only five papers were found. Among these, Komae and Hayashi [9] and Nii et al. [10] [11] [12] analyzed M. thunbergii leaf and fruit essential oils from samples collected in Japan; whereas Dai et al. [13] analyzed leaf essential oil compositions of M. thunbergii from China. As for the bioactivities of leaf essential oil, there is no known report. Therefore, in this study, the essential oil from the leaves was first isolated using hydrodistillation, and then analyzed. The second part of the study examined the cytotoxic and anti-mildew activities of the leaf oil. The purpose of this work was to establish a chemical basis for the effective multipurpose utilization of the species.
Hydrodistillation of M. thunbergii leaves gave a yellow oil with a yield of 2.06 ± 0.03 mL/100 g, based on the dry weight of leaves. The identified constituents are presented in Table 1 , where all compounds are listed in order of their elution from the DB-5 column. Eighty-three compounds were identified (Table 1) , representing 99.8% of the oil. Among the groups, sesquiterpene hydrocarbons were predominant (42.0%), followed by others (29.2%), oxygenated sesquiterpenes (16.1%), oxygenated monoterpenes (9.2%), monoterpene hydrocarbons (1.9%), and diterpenes (1.5%). Among the sesquiterpene hydrocarbons, βcaryophyllene (15.8%) and α-humulene (10.8%) were the major compounds. Of the others, n-decanal (26.6%) was the chief compound, whereas of the oxygenated sesquiterpenes, β-eudesmol (10.5%) was the major component. [9] analyzed the essential oil of leaves of M. thunbergii collected from the Hiroshima region of Japan. They found the main components were caryophyllene (21.3%), -pinene (13.5%), cis-ocimene (1l.3%), and β-elemene (10.8%). Nii et al. [10] [11] [12] found differences in the oil compositions from different regions of Japan. For instance, the main ingredients in oil from Osaka were caryophyllene (27.5%), δ-cadinene (11.1%) and germacrene D (10.6%); those from the Kyoto region were β-bisabolene (25.0%), -pinene (10.8%) and caryophyllene (9.0%); from the Shiga region -pinene (13.8%), δ-cadinene (11.2%), camphene (6.5%), caryophyllene (5.4%), and caryophyllene oxide (5.2%); for the Kohoku region, caryophyllene (25.8%), δ-cadinene (8.8%), and β-bisabolene (7.1%); for the Otsu region caryophyllene (28.9%), δ-cadinene (10.9%), and germacrene D (8.1%); for the Toba sample germacrene D (20.9%), caryophyllene (16.9%), δ-cadinene (6.4%) and α-cadinol (5.8%); and from Tsuruga germacrene D (31.0%), β-bisabolene (16.1%), and caryophyllene (12.0%). Dai et al. [13] analyzed leaf oil of M. thunbergii from the Canton Province of China and found its main ingredients were (-)-epiglobulol (37.3%), β-caryophyllene (8.3%), torreyol (7.1%), spathulenol (4.9%), and eremophilene (4.7%). The literature thus indicated that leaf oils of the species tended to vary widely based on geographical distribution. In addition, compared with the leaf oil of M. thunbergii from Taiwan in this report, we found there are significant differences between the different samples from Japan and China. Hence, this paper represents the first report on the leaf essential oil of M. thunbergii from Taiwan.
Komae and Hayashi
The leaf oil constituents of M. thunbergii were primarily sesquiterpenoids. Intra-genus leaf oil comparisons indicated that many Machilus species, such as M. zuihoensis [14] , M. kusanoi [15] , M. pseudolongifolia [16] , M. philippinensis [17] , M. obovatifolia [18] , and M. velutina [19] , all have predominately sesquiterpenoids as their main constituents. However, the main components of the individual species differed. The leaf oil of M. japonica [21] was predominantly composed of monoterpenoids and, therefore, differed from that of M. thunbergii. Table 2 ). This is the first report on the cytotoxic activities of M. thunbergii leaf essential oil.
To ascertain the compounds responsible for the cytotoxic activities of M. thunbergii leaf oil, the main components were individually tested for their anticancer activities. The active compounds were shown to be β-caryophyllene, α-humulene, and β-eudesmol. The IC 50 values of the three compounds are presented in Table 2 . β-Caryophyllene has been reported to be cytotoxic to a number of human cancer cell lines including A549, HT-29, MDA-MB-468, UACC-257, Hela, and MCF-7 [22] [23] [24] . α-Humulene is cytotoxic to A549, HT-29, MCF-7, DLD-1, L-929, Hela, and UACC-257 [23] [24] , and β-eudesmol against HL-60, MDA-MB-435, HCT-8, and SF-295 human cancer cell lines [25] . [26] , Litsea cubeba [27] , L. coreana [28] , and Neolitsea parvigemma [29] , the leaf oil of M. thunbergii was superior ( Table  3 ). The results verified that M. thunbergii leaf oil has excellent antimildew fungal activities.
However, to ascertain the source compounds responsible for M. thunbergii anti-mildew activities, the main components were individually tested for their antifungal activities (Figure 1) . Very low levels of activity were found for n-decanal against the seven mold fungi; none of the anti-mildew indices exceeded 40%. However, of the leaf oil constituents, the sesquiterpenoids, βeudesmol, α-humulene, and β-caryophyllene, exhibited better activities, in particular, -eudesmol, which was the strongest in this regard. The IC 50 values of the four compounds are shown in Table  4 . Thus, anti-mildew activities of the four, in descending order, are β-eudesmol, α-humulene, β-caryophyllene, and n-decanal. Various studies have shown that -eudesmol is highly active in suppressing microbial and fungi growth [30] [31] . 
Isolation of leaf essential oil:
The essential oil of the air-dried leaves (1 kg) was hydrodistilled for 3 h using a Clevenger-type apparatus. After distillation, the volume of oils obtained was measured, and the essential oil was stored in glass containers, hermetically sealed with rubber lids, covered with aluminum foil to protect the contents from light, and kept refrigerated at < 4ºC until used. The oil yield and all test data are the average of triplicate analyses.
Essential oil analysis:
A Hewlett-Packard HP 6890 gas chromatograph equipped with a DB-5 fused silica capillary column (30 m x 0.25 mm x 0.25 μm film thickness, J&W Scientific) and a FID detector were used for the quantitative determination of oil components. Oven temperature was programmed as follows: 50ºC for 2 min, rising to 250ºC at 5ºC/min. Component identification: Identification of the leaf essential oil constituents was based on comparisons of Kovats index (KI) [20] , retention times (RT), and mass spectra with those obtained from authentic standards and/or the NIST and Wiley libraries spectra, and literature [20, 32] .
Cell culture: Human oral squamous cancer OEC-M1, human hepatocellular carcinoma J5, human lung adenocarcinoma A549, human colon cancer HT-29, human melanoma UACC-62, and human leukemic cell K562 cells were obtained from ATCC (Rockville, MD, USA) and multiplied in RPMI-1640 medium supplemented with 10% heated-inactivated FCS and 2 mM Lglutamine (Life Technologies, Inc., MD), and incubated at 37°C with 5% CO 2 and 95% humidity.
Cell viability assay:
The cytotoxicity of the essential oil was assessed using the alamarBlue® proliferation assay according to a protocol from AbD Serotec. Cells (3000 cells/well) were incubated with either essential oil (dissolved in DMSO, final 0.1% DMSO in medium) or vehicle control (0.1% DMSO) for 24 h and 48 h, followed by replacing with fresh medium containing 10% alamarBlue® reagent for an additional 6 h. The absorbances at 570 nm and 600 nm were measured by a microplate reader. All data were the average of triplicate analyses.
Anti-mildew assays:
The mildew fungi used were A. clavatus (ATCC 1007), A. niger (ATCC 6275), Ch. globosum (ATCC 6205), Cl. cladosporioides (ATCC 13276), M. verrucaria (ATCC 9095), P. citrinum (ATCC 9849) and T. viride (ATCC8678). Each fungal strain was cultured in potato dextrose agar (PDA). Microbial strains were obtained from the Bioresource Collection and Research Center (BCRC) of Taiwan. The method of Su et al. [26] was used. Concentrations of essential oil (0~1 mg/mL) and 4 main compounds (0~200 μg/mL) were added to sterilized PDA in 9 cm Petri dishes. After transferring the mycelium of one fungal strain, the test dishes were incubated at 27 o C and 70% relative humidity. When the mycelium reached the edge of the control plate, the antifungal index was calculated as follows: Antifungal index (%) =
(1-Da/Db) x 100, where Da is the diameter of the growth zone in the experimental dish (cm) and Db is the diameter of the growth zone in the control dish (cm). Each test was repeated 5 times, and the data were averaged. The IC 50 values were calculated by probit analysis.
